Quinoprotein {2,7,9-tricarboxy-IH-pyrrolo-[2,3-fJquinoline-4,5-dione quinone form (PQQ)-containing} ethanol dehydrogenase (EDH) from Pseudomonas aeruginosa ATCC 17933 was purified to homogeneity. EDH has an a2/.2 configuration and subunits comparable in size to those of methanol dehydrogenase (MDH). Compared with other PQQ-containing dehydrogenases, Ca2+ is rather loosely bound and it seems necessary for PQQ binding and stability of EDH. Two soluble cytochromes c were detected in extracts from ethanol-grown cells and both were purified. One of these has an a-band at 551 nm for its reduced form, the oxidized form being an excellent electron acceptor for the semiquinone form of EDH. Since this cytochrome is quite different from the already known cytochrome c551 (operating in
INTRODUCTION
Gram-negative, methane-or methanol-utilizing bacteria oxidize methanol via quinoprotein (PQQ-containing) methanol dehydrogenase (EC 1.1.99.8, MDH). The enzyme has an al24 structure with subunits of 60 and 10 kDa [1, 2] . Electron transfer from the fully-and half-reduced forms of MDH occurs to a specific, soluble, haem c-containing cytochrome, commonly indicated as cytochrome cL. Reduced cytochrome CL becomes subsequently oxidized by a cytochrome named cytochrome CH [3] .
Ethanol-grown Pseudomonas aeruginosa contains an NADdependent as well as a quinoprotein alcohol dehydrogenase [4] . The latter enzyme, which has been named ethanol dehydrogenase (EDH), has been purified from P. aeruginosa [5, 6] and P. putida ([7] ; B. W. Groen and J. A. Duine, unpublished work) and its quinoprotein nature established [5] . EDH and MDH appear to have properties in common: the requirement for a high pH and the presence of ammonia or primary amines as activators in the in vitro assay with artificial electron acceptors [8] ; the shape and maxima of their absorption spectra and the effect of the suicide inhibitor cyclopropanone, suggesting a similar catalytic role for PQQ in both enzymes [5, 9] and the presence of Ca2+ [10, 11] . To enable further comparison this paper describes studies which attempt to elucidate the quaternary structure and to detect the electron acceptor for EDH.
MATERIALS AND METHODS
Organism and growth conditions P. aeruginosa LMD 89.1 (ATCC 17933) was cultured aerobically in a 20 1 fermentor at 37°C on a mineral medium [12] 
Protein determinations
Protein concentrations during the purification were determined by the method of Bradford [14] with bovine serum albumin as a standard. Absorption coefficients of the purified proteins were determined according to van lersel et al. [15] using the equation:
Isoelectric point and molecular mass determinations
The molecular mass of native EDH was determined by gel filtration on a Superose 12 column equilibrated with 0.1 M sodium phosphate buffer, pH 6.5, using ferritin, y-globulin (150 kDa), yeast alcohol dehydrogenase (140 kDa), bovine serum albumin (67 kDa), cytochrome c from horse heart (13 kDa) and potassium ferricyanide as markers. The subunit composition and content of EDH were determined with the same column, except that 0.1 M sodium phosphate buffer, pH 6.5, containing 0.1 % (w/v) sodium dodecylsulphate (SDS) and 0.1 M NaCl was used for equilibration and elution. For that purpose, 100 ,d} of EDH solution (7.2 mg/ml) was mixed with 400 1l of 0.1 M sodium phosphate buffer, pH 6.5, containing 1.0 % (w/v) SDS and 0.1 M NaCl after which the mixture was heated for 2 min at 100 'C. After cooling and centrifugation, 100,ul of the supernatant was injected on the column. The eluate was monitored by a photodiode array detector. The molar ratio of the a and , their peaks in the chromatogram (taken at 205 nm) by the respective molecular masses of the subunits.
The molecular mass of the native cytochromes c was determined by electrophoresis on gradient polyacrylamide (8-25 %) gels with the Phast system equipment (Pharmacia). The gels were calibrated with the high molecular mass marker kit (Pharmacia). The molecular mass of the subunits was determined in the same way except that 1 % (w/v) SDS was included in the buffer. The proteins were denatured for 2 min at 100°C and the low molecular mass marker kit was used for calibration. The isoelectric points of the proteins were determined by isoelectric focusing in the pH range 3-9. The isoelectric focusing marker kit (Pharmacia) was used for calibration.
Protein staining was performed with Coomassie Brilliant Blue R250 and detection of cytochromes c also by haem staining with 3,3',5,5'-tetramethylbenzidine (Janssen Chimica) [16] .
Midpoint potential of the cytochromes
Potentiometric titrations were performed as described by van Wielink et al. [17] . Cytochrome CEDH 
N-terminal amino acid sequence determination
The amino acid sequence of the N-terminal part of cytochrome CEDH was determined by Edman degradation with a gas-phase amino acid sequenator [18] at the Laboratory for Medical Biochemistry, Sylvius Laboratories, Leiden, The Netherlands.
Comparison of the sequence with that of other proteins was carried out by using the data in the Swissprot-, the GenPept-, the Gen-bank and the EMBL-data libraries [19] . [5, 6] where only one band was observed. However, as the two bands were consistently found in electrophoresis of active preparations and peaks corresponding to the same size were also observed in the gel-filtration chromatogram of denatured EDH (Figure 1) , we conclude that EDH contains a and , subunits with similar sizes to those reported for MDH [1, 2] . To explain the contradictory findings, the / subunit is much smaller in size than the a subunit and, as a consequence, the intensity of the bands from denatured EDH observed after electrophoresis and protein staining will differ (7-fold if both have the same dye-affinity) such that the 3 subunit will be easily lost or not visualized under inappropriate conditions. This may be why the , subunit of MDH has been overlooked for more than 20 years by many research groups [1] and it may also apply to EDH for the two cases reported [5, 6] .
Stopped-flow kinetics
On integrating the surface areas of the peaks in the chromatogram of denatured EDH (Figure 1) The preparation showing an absorption maximum at 551 nm on reduction is named here cytochrome c EDH in view of its functioning as an electron acceptor to EDH (see below) and the differences from the previously-described cytochrome c5,1 from P. aeruginosa (strain PAO1 161) ( Table 2 ). The final preparation appeared to be homogeneous and to consist of a monomeric protein as the same molecular masses were found for native and denatured samples (14.5 kDa). Thus, cytochrome CEDH is significantly larger than cytochrome c.., (8.7 kDa) . Since cytochrome CEDH has the same functional role as cytochrome CL, it was interesting to see whether overall similarity existed. As shown in Table 2 , the properties of cytochrome CEDH fall in the ranges observed for a number of cytochromes CL. However, comparison [3] . of the N-terminal amino acid sequence (19 amino acids) of cytochrome C EDH with that of cytochrome CL from Methylbacterium extorquens AM 1 showed no similarity at all. Although an internal stretch was found having some similarity (21 %), internal stretches exist in cytochrome c551 of P. aeruginosa PAO1 161 [22, 23] and cytochrome CH of Methylbacterium extorquens AM 1 [3] having even higher similarity (420% and 320%, respectively) (Figure 2 ). Since the latter two contain the typical haem c-binding sites but the sequence of cytochrome C EDH does not, the similarity is questionable. In conclusion, cytochrome CEDHis structurally different from cytochrome c551 and the amino acid sequence of the N-terminal part also suggests structural dissimilarity to cytochrome CL.
The other coloured fraction, which showed an absorption maximum at 556 nm upon reduction, was also purified to homogeneity, as judged from the results of electrophoresis and gel filtration of the final preparation. Determination of the molecular mass of the native protein gave a value of 80 kDa, whilst that for the denatured protein was 40 kDa, indicating that it consists of two subunits of equal size. These characteristics are very similar to those of a cytochrome C556 isolated from anaerobically grown P. aeruginosa PAO1 161, using nitrate as electron acceptor [24] . Since no other soluble cytochrome c was detected and soluble cytochrome CH is the electron acceptor for cytochrome CL in methylotrophic bacteria [25, 26] In this scheme, it is assumed that k.2 is negligible, which seems justified since EDH will probably have a redox potential of + 100 mV (such a value has been found for quinoprotein glucose dehydrogenase [27] and quinoprotein methylamine dehydrogenase [28] and the value of cytochrome CEDH is significantly larger [+ 258 mV (Table 2) ]. Since the ferricytochrome CEDH concentration was kept constant, pseudo-first-order-rate conditions are present so that the steady-state approximation [29] can be applied to In conclusion, the rates and affinity observed and the fact that no other redox protein was found having this activity make it very likely that cytochrome CEDH is the natural electron acceptor of EDH in P. aeruginosa.
